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Genome editing of hybrid poplar (Populus alba x P. glandulosa)
protoplasts using Cas9/gRNA ribonucleoprotein

Su Jin Park * Young-Im Choi *
Eun-Kyung Bae

Hyun A Jang * Sang-Gyu Kim - Hyunmo Choi *

Beum-Chang Kang - Hyoshin Lee *

Received: 23 November 2020 / Revised: 5 January 2021 / Accepted: 5 January 2021

(© Korean Society for Plant Biotechnology

Abstract Targeted genome editing using the CRISPR/Cas9
system is a ground-breaking technology that is being widely
used to produce plants with useful traits. However, for woody
plants, only a few successful attempts have been reported.
These successes have used Agrobacterium-mediated trans-
formation, which has been reported to be very efficient at
producing genetically modified trees. Nonetheless, there are
unresolved problems with plasmid sequences that remain in
the plant genome. In this study, we demonstrated a DNA-free
genome editing technique in which purified CRISPR/Cas9
ribonucleoproteins (RNPs) are delivered directly to the
protoplasts of a hybrid poplar (Populus alba x Populus
glandulosa). We designed three single-guide RNAs (sgRNAs)
to target the stress-associated protein 1 gene (PagSAPI) in
the hybrid poplar. Deep sequencing results showed that
pre-assembled RNPs had a more efficient target mutagenesis
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insertion and deletion (indel) frequency than did non-assembled
RNPs. Moreover, the RNP of sgRNA3 had a significantly
higher editing efficacy than those of sgRNA1 and sgRNA2.
Our results suggest that the CRISPR/Cas9 ribonucleoprotein-
mediated transfection approach is useful for the production
of transgene-free genome-edited tree plants.

Keywords CRISPR/Cas9, Hybrid poplar, PagSAPI, Pro-
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NERBRS )
Clustered Regularly Interspaced Short Palindromic
Repeats/CRISPR-associated protein 9 (CRISPR/Cas9) 3} -2 &
A7} 9 (site-directed nuclease, SDN)E A&t -2} w4
7]4(genome editing)®] 540 2 %2 §A RYuke
Aot o] 753 % tH(Cong et al. 2013; Jinek et al. 2012).
CRISPR/Cas9-> virus ZF ¢ of| o &}sh= e 2fobe] | Al
28E S8 7ER, B4 AR Sol A AdS g
Ue ‘i}% 7}k 7ol = RNA (Single guide RNA, sgRNA)7}
DNA HAdaA(Cas9)E EA YAZ Q=strh Cas9o]
protospacer adjacent motif (PAM) A & F L o]=7}< DNAE
AchstH A2 W) DNA &7 H o ofsff A7l Fio] B+
ok ol 2 R G7)7F 24 HAY A EH = 71
(Noh-homologous end joining, NHEJ)¢o] 4 oj1} &) DNAQ}b
the Ao] wEol ). o|F S8ate] $UAY 7%
NS EHE I, 40§ AA40) Yo A2 Holoto
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T2 7 5& BT 4 Stk (Ran et al. 2013).

AAAA =GR A A=A of et A7k e
AR, A2 =] A -5 0 B st AR
A& A (Living modified organism; LMO)&} ZHo] A4 & & &
A RA o] Tt =27} 713 =] 3Ll Th(Lee 2019; Schmidt et
al. 2020). o] ofl T3t W A A E +55+7] SIal, 7 A 2L A
7] %2 WALE MEH S SDN-1, SDN-2, SDN-3 & H 251
o] A A] & A th(Hilscher et al. 2017). ©] o] w2 H, SDN-1
297 DNAZ AH§314) o %3t she 03] A9

o St & B Ao} @7lo] WolE ozl Aot
SDN-2t= ¥4 DNAS A 3fe] st} 3-8 2 7je] ¢17]o]
¥o| 2 UhE 4 9-olch 12 1 SDN-3& 234 DNAS AL
stol |3 A 27]7F 2 DNA 7Fehe fehs 7] 59jo]
AFQI 3= 7 $-of| 3fj 5 ¥l th(Hilscher et al. 2017). G- A A
A= B E class] 522} 24 AYEH)E Biosafety Directives
and Regulations (food/feed, env. release) (1990, 2001/2003 7} &)
o 27 3he] LMOZ 755111, 28 412 2§ 3lof s}
1 A5 T (Lee 2019). vHR 8] oA A 2 A
232 LMOR 7H7614] 9k 7121, -5 (United States
Department of Agriculture, USDA) 9] 2|+ 7§ A H 1A o] A
stel 4 WA A ARE Bal A WA A ]2 B
A W 2 5191 THUSDA-APHIS 2020). H 2}, of 2 J L,
Qe 5o 7k 023 SAR AL Ae Qe o
B RoAE 2§87 29 glo] §H7 LA o] of
70171 7%~ Z SDN-1 classe]| gt LMO 714 ool A of
Q&7 FiL Qltk Ly o] & A 9%t YR 7] 2 vhEo
AR Y AAEA 9 745 kA o] HEE A btk
wetsto] A il xZakstar ik kol A e A
WY AEA A BA D 9o et =97 ZEE] o] %
ofZ|aL Q= 7k, SHAAY EAE siAst] S8
DNAE A=A ¢toll @717 b= AR 7 i 7ol
It AF9 FQ Aol U 75 Y th(Genetic Literacy Project
2020; Lee 2019; Park et al. 2019; Schmidt et al. 2020).

EE e AAEEL MET A0 oo BEAS
Kol Folu 28 5502 52 A-§¥ 9 THSon 2009).
& $27) A elo] AR i mH SE0l7 % Sol, BE
2 of] T 3k thekat A7 A3 =) 9l th(Guo et al. 2012; Qiuet al.
2019; Tuskan et al. 2006). CRISPR/Cas9 A A} LA 7] &0] A
|8 &Y B9 d4e ofazdtE g FroHoldA
(Agrobacterium tumefaciencs)S ©]-8-310] Cas9 & sgRNA A]
& &5 DNAC] ={isto] 213) & ¢l th(Elorriaga et al.
2018; Fan et al. 2015; Muhr et al. 2018; Zhou et al. 2015). ©] =%
W2 521 QL LMO A2 B A o Al A A A Qo] Cas9
% sgRNA A go] HEE B2 LMO 4] 48 9 HAA +=
gho] St} o= thE &y Ao HEE7] o
Cas9 Thall 2 7} sgRNAE A9 ol A Eesto] Rh= 2 3
AP A S AR T o= W o] AN E AL, Y, K,

RTUR
A
il

rE

v}
o
i

ulj, Ful 5, A W LU SOl A s d g Ve A
SF AL 7F B 31 & ¢ th(Fan et al. 2020; Kim et al. 2017; Liang et
al. 2017; Liu et al. 2020; Malnoy et al. 2016; Murovec et al. 2018;
Sant’Ana et al. 2020; Woo et al. 2015; Wu et al. 2020). & 1} T
2 el ge 2Eejo Aoy YU S BeF 2w
sler A g 4 £stel $ARE WA AT A7
H e R] kgt
2 Ao A =gt F a3t 2E5Y % F 5k

A YU-E-(Populus alba x Populus glandulosa)S A0 2 2|1
Sl chchul 2 of o)t o A A DNA S| 127 o] 7H53HA] 24l )
ATk o] A Ao A R o] A o, HAYS F4
A7) = A o 2 ghe R A AA| U5 2] STRESS-ASSOCIATED
PROTEIN 1 (SAP1) 34 ZH(Yoon etal. 2018)Z & 2] © & 5}
A AR o = AT 2w Ao 5 FAA L]
FAA A E = A A= W

[
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iz 3
CRIZIEH 710|= RNA (sgRNA) A7 2 &hy

S AR (Populus alba * Populus glandulosa) Stress-Associated
Protein 1 (PagSAPI) A E& 2] 0 2 3=t U7} 7lol =
RNA (sgRNA) 4| ol = CRISPR RGEN tool(3Fokj, 3+) ]
Cas-Designer 99| o] X](http://www.rgenome.net/cas-designer/) =
A5} tH(Park et al. 2015). Cas9 5 4= Streptococeus pyogenes
SpCas9 9] 5'-NGG-3"S PAM type o & Al €latol e}, 23 &
71 4| (Target genome)= FALA Lo A B I1LE Populus alba
x Populus tremula var. glandulosa (poplar 84k)E A1 &3} it}
¥ 2] A G (Target sequence)o]] SAA| L5 SAPI AR A E
(CX653572.1, Yoon et al. 2018)2] ol &= ] & 513 base pair (bp)
= 4sh3ith Z12] L sgRNA Zof= PAMZ A €| 3 20 bp
(base-pair) 2 A A5} ). A3t sgRNA=TGEN aRS1 (ToolGen,
31ty A H] A9} Guide-it™ sgRNA In Vitro Transcription Kit
(Takara, 2)& A}§5Fo] v} 1 elo] ket 64 2 AR 5)
Aol AHE-3Re

In vitro cleavage assay

73 3t sgRNA7ZL Cas9it o] 4] M A& Aehd o 3l=4
215}7] 9]3l, H #] PowerPlant Pro DNA isolation kit (Qiagen,
U)E o]-&3tof AARA U ol A genomic DNAS &

519t 32 DNA ¢ -2 Guide-it™ Complete sgRNA Screening
System (Takara, & +)9] ul} 77 At 2 PagSAPI-Forward (F) &}
PagSAPI1-Reverse (R) Z&}o]H(Table 1)E Al8-3}0] FZ3}
At} 0.5 ug Cas9xt 1 pg sgRNAS E3}H31 5] 52 £0F37°Coj|
A B g 3 0.25 pg PCR AHE& 3 718FaL 37°Cof A 304,

Jit tfo ot
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Table 1 Sequences of primers used for amplification of the CRISPR target loci of the stress associated protein 1 gene of hybrid

poplar (Populus alba x P. glandulosa, PagSAPI)

Primer Sequence (5 —3")
PagSAPI-F GAACGGGTTGTGGTGTTTGC
PagSAPI-R GAGCAGCAGTCCGATAATCAAAG

PagSAPI-sgl-F
PagSAPI-sgl-R
PagSAP1-sg2/3-F
PagSAPI-sg2/3-R

ACACTCTTTCCCTACACGACGCTCTTCCGATCTGATTTCCTTGCAGGACTTTTG
GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTGTCCTTGTGGCACTTGGAAC
ACACTCTTTCCCTACACGACGCTCTTCCGATCTCTGTGGCTTCTTTGGAAGTG
GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTCACCAGCAACCACAGGTTC

1

80°Col| A} 5+ &<t vl ¥ 3} ¢l Tt 2] PCR A= 9
< 93) 2% agarose gelof| A A 7] 45 £3] band

ALt

g
fo L

ro fr

ol
-

AL QoM REEA FE

AR A QR AAS Relal] 13, 657 7]
OF3t AAFA VR Q] ATHE Zgl MS 118 B &](1/2x MS,
3% sucrose, 0.2 mg/L indole-3-butyric acid, 0.8% agar)E& =
AFZ} tissue culture boxol] o] 4271 v oF5} i) v k-2 Ay
Ao 4] 164174 T 2 71(150 pmolim’s) 7} 8 4] 74 9 2 © 7
24 1°Co ) 5Tk o] A 2~3 WA FALA LR
91205~ 1 mm7+4 o 2 2t A &4 -894(0.4 M Mannitol,
3mMMES, 1x CPW, 0.1 M CaCl,, 0.1% BSA, 3% cellulase R-10,

0.8% macerozyme R-10, pH 5.6)0] =$-17, T U2 WX} 5
A 2ol A 3] wik7] 8] &&= 5 30 rpmE 5Fof 44]7H
Fok Bafaheich BolE AAALE 93t a S £
E-2 A Q] cefotaxime 10 pg/ml 5= 2 4715 5359
5 8o (154 mM NaCl, 125 mM CaCl,, 5 mM KCl, 5 mM Glucose,

1.5mMMES, pH 5.6) ©. = 3] 4|5} ¢ith. 44 7] EhE-5 21 o
T3t & round-bottom tubed]] ¥ 11 120xg8] £ & 5E FoF
A E e sto] AFHAAE ekl A AP AA
£ 21% sucrose £ of] T Q] A A5} 120xg S 2 58 5o
ATk AAE AFAAE Ws goHow HHT
9 120xg S22 55 Bok YA R elsto] AAAIZL} vl
2o 2 AP AAE Ws & of A A et F supato] En) g
(hemacytometer) & ©|-8-3} o] & n| 7 (Leica DM IL LED, Leica,
So)o s AESE SHlstg

2

ml*

r{

BAMILIRS FSFAH] 2l2sacsE =9

AP AA A A DAAIUHE SAPI - AHE 2L 517 Q) e, &
AR SAPL AR 2 0 & of= 2| B At A&
U=l o} & A 24390 (10 mM Tris-HCI, 300 mM NaCl, 0.1 mM
EDTA, 1 mM DTT, 50% glycerol, pH 7.4)0]] =0} Q)= Cas9 T+

1l 2 (Enzynomics, 3+=1) 90 pg< PagSAPI sgRNA 30 pg, BH-&-

943 8 9l(20 mM HEPES-KOH, 100 mM NaCl, 5 mM MgCl,,
0.1 mM EDTA, pH 6.5)1} &3}8} 11 A2 0] 4] 304 &<t i &F
shaltt 283 2x10°70 ) FAAIUE A A A E 200 pl
MMG (4 mM MES, 0.4 M Mannitol, 15 mM MgCl,, pH5.6) &1
ofl A} @ EFS ek v] 2] )3k Cas9 ) 2 7k sgRNA 2319}
S A7l 5, 29 Huo] & A 23t polyethylene glycol
(PEG) £9(40%[w/v] PEG 4000, 0.2 M mannitol, 0.1 M CaCl,)
v} EgFelar Ao Al 1042 & QF vl oF sk ATk, vl oF 5 800 ul
o W5 §o13 H715kT 4] §9 Edetch 1 oS
1,000 rpm&] £ == 145 5k A5t 45 HE A A
3 5], thA] I ml] WS 8012 751 4o A A H 3k k.
1230 1,000 rpme] & E 2 15 FoF YAl e st A
NS |75} 1 ml] MS & 9(1x MS[-NH,;OH], 1% Vitamin
mix, 0.2 M Mannitol, 0.4 M Glucose, 2.0 mg/L 2,4-D, 0.5 mg/L
6-benzylaminopurine)ol] A @EFs}iTh 1)1l Ferst ¥
A F 24°Cof| A T2A1 7t F9F o F8F QAT 2441 7F 744 0
2300 W4 ARG AHAAE B5ohe] fAH @A B
A& skl 3 2R S = Q5hA] o
PEG A 2]ut 283t A3 A4 = o] ujokalgich. ujjoFat

< k

A% A= 24X17E 747 0.2 A AT 5300 4 3|53} of
0.5%(v/v) Evan’s blue solution (0.25%[w/v] Evan’s blue dye, 0.6
M Mannitol) 2 & M3}31 & ] 7 (Leica DM IL LED, Leica, =
o=z whEkskGih A7) Y 5H A 0= 39 35 gich

SAAILIE %

Cas9-sgRNA 2| H H Al 2 S = gk AAA| LT 34
A 25 FAA4 1A o 75 £45}17] 9| 5f PowerPlant Pro
DNA isolation kit (Qiagen, = )& ©]-8-5}4] genomic DNA (gDNA)
< =25t Sl et 2 2] gk gDNAO]| 4] 32 9] X](on-target site) &
PagSAPI-F 9} PagSAPI-R & 0|23} AmpONE™ a-Taq DNA
polymerase (GeneAll, 3+=1) 2 ulj =4 of u}2t 5235} %t PCR
AHE-2 1% agarose gelof| A 7] G5 0= 135, PagSAPI-
seRNAI-F, PugSAPI-sgRNA1-R, PagSAPI-sgRNA2/3-F, PagSAPI-
sgRNA2/3-RZ A&-510f Qe Aot A| A o HE 7} Aget
A E& 23 PCRE Folf F718Fith 22 PCR AHE-2 1%
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agarose gelol| A A7) & & of| A} 2 7] 9} & 2] 3} = band IS
A H3}o] Gel and PCR clean-up kit (Macherey-Nagel, = ¥)E
o]-gaff w2] 9 FA|sith FARE AbEof 2lE Aok Al
% ol E E 3% PCR& 53 F-715kqith. “12] 3l NextSeq
550Dx High Output Reagent Kit v2 (300-cycle, Illumina, 1] =+)-2
o]-&-3tof LA 2] 7 A 4 (high-throughtput sequencing)& >
Yokt 2 A9 of] AF8-3F =& primer A] €& Table 10 3
AlsF el a2 A4 2l gk A| WA A 1}= CRISPR RGEN tool (§19F
ofl, 3+=) 2] Cas-Analyzer €| ©] X (http:/www.rgenome.net/cas-
analyzer/)of| A ul} < o) w2} F A 5} th(Park et al. 2017).

Z9t W &
PagSAP1 SFAIE BXOZ SH= sgRNA A7 U HEt siol

e B SATG ) Yo at f A YL AW S5, A
AN o S22 S 2 PP 11
S 5402 3hof gRNAS 445

o| A & A3t PagSAPI& 7S 4> ‘t 157} sgRNA %

[rt

(a)

R A195}1 9] th(Supplementary Table 1). o] 2] 7]j9] &1
A1 Q % mismatch 1, 2] H HLJJ# A & (off-target) 47} 2 11
out-of-frame score’} =& AL AASHY E}(Supplementary
Table 1). ©] score+= Xq“Jr ke 017] 7} AA = kol uj oful
Ak A DY frame-shift7} old 7He & 5T A1
A, kol Ee5 o7t dojd &80l & o 4= 3
(Parketal. 2015). o] £ o] = A F F 3570 4 AL
SRl 7 A 2= ATGOJ| Al 58] <= A o 2 sgRNAL, sgRNA2,
SgRNA3l 2} W8 aheich 2] 3 sRNAS BH415a 407
off A&} th(Fig. 1a).

o] alrer A & 219 Aol £3157] 4 B 8 sgRNA
7k A 2o A F 5] Aksh=A] Elskr] Y3l invitro
cleavage assayS 4~ 5} th. Control RNAE A 7)ok tj =
o Ai= %25 DNA %243} 72 0F 500 bp ] ©+<J band 7}
ZHE| 1Tk, uh, PagSAPI 2] sgRNAL, sgRNA2, sgRNA3 S %
7¥ek A4S 2T 2717} 431, 2} sgRNAe] o] ek
Hole o o= 2719k AR 271 9] band 7} #HEHE QL
THFig. 1b). o] AT}= A3HE 37 9] sgRNA X5 Cas9 THal 2
3} BEA S o] Zo] PagsaPI| T A QL ATE 4 98
= HolEh

Targeted PagSAPI by sgRNA1 PAM
5" - CTCATGATGAGACTGGATGCCAAGCTCCAGAGGGCCCCATCCTC -37

3" - GAGTACTACTCTGACCTACGGTTCGAGGTCTCCCGGGGTAGGAG -5’

FEEEEEEEE et
sgRNA1 5’ -GACUGGAUGCCAAGCUCCAG-3"

sgRNA2 3" -CGUUGUUCGGGUUGACCGUC-5"
LTI
5’ - TCATCCTGAACCAGCAACAAGCCCAACTGGCAGCATCATCCAT -3

3’ - AGTAGGACTTGGTCGTTGTTCGGGTTGACCGTCGTAGTAGGTA -5
PAM Targeted PagSAPI by sgRINA2

sgRNA3 3’ -UGACCGUCGUAGUAGGUAAC-5"

FITTEITTET Tt
5"- AGCAACAAGCCCAACTGGCAGCATCATCCATTGAAAGCATTGT -3'

3"- TCGTTGTTCGGGTTGACCGTCGTAGTAGGTAACTTTCGTAACA -5'

PAM Targeted PagSAPI by sgRNA3

(b)

PagSAPI-
sgRNA1

Control

PagSAPI-
sgRNA2

PagSAPI1-
sgRINA3

500 bp —[sn - - L R

400 bp —
300 bp —

* *

Fig. 1 Layout and validation of CRISPR/Cas9-mediated genome editing in hybrid poplar
(a) The positions of the three sgRNAs used to target PagSAPI. (b) The activities of PagSAPI-sgRNAI, -sgRNA2 and —sgRNA3 were
validated using an in vitro cleavage assay. Red asterisks indicate cleaved DNA.
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Table 2 Hybrid poplar protoplast yields with various concentrations of the cell-wall digestion enzymes from leaves (15-16 healthy leaves)

Enzyme concentration

Protoplast yield

Viability (%)

Cellulase R10-3%, Macerozyme R10-0.8%
Cellulase R10-3%, Macerozyme R10-0.8%, Hemicellulase-1.2%
Cellulase R10-3%, Macerozyme R10-1.0%, Hemicellulase-1.2%
Cellulase R10-3%, Macerozyme R10-1.2%, Hemicellulase-1.8%

4.8x10° protoplasts per gram 96
2.4x10° protoplasts per gram 95
2.3x10° protoplasts per gram 94
3.5x10° protoplasts per gram 93

gl
=
¥
I~
-0
HO
S
>
Py
s
QI_
rio

0
E
L]
HT
i
rT
m§
H'|
o

HARA I UHE Qo] Al 2o A AP EAE FE5o] g i

LR = AEA A Al
e AAT Ao r, Alx2de AT 98 AlEetobA|
(cellulase), ) E]L}olA|(pectinase), A} ﬂ-b}o}xﬂ(xylanase)

3| u] Al & 2o} A (hemicellulase) 52 B A9} 9% SHS &
315k 8 A 82 A3k Cove 1979; Park and Han 1986). 7d
et YA S T A7) 9, 7ok AAPAI R
A 15~ 167 o)A A GHS FA otz ALY THAG G
gelalo] AHAAE 2250 1 FL LS. Bl
o Ao He] e Paksh Han (1986) 2 Guo 5
(2012)0] 7|3t A5 B2 dF " sto] AHE-5qlT
71 Ax}, AEetol A 3%(w), UHA| 221 (3 €] Lol A ©F Al
Setob] 2 o0 EeholA] TTE)08%(w)E TeeHs
271 0] A 4.8x10%g 2 3]4>8-0] 7P = TH(Table 2). Hh,
2 2704 dndEetobA] 1.2%(wv)E H7HE de
24x10%g2 3|4=go] Zastl L, duldEetolA] F=7t
B2 Aggol| A mhA| 22kl o] Rt E3le uf 3] pgo] 2.3x
10°/g 2 ©f Zrash ek 22 1 upA| 22141 3} 8 v] A 2 2o}
A Bwrt BE 27151 91S wf s 3]480] 3.5x10%g0.2 ©
5|8 S7beke Ae ekl aa ool st 34
% S7HAIRE s 20 dA5HA = gtttk 2=
of Atpol| Tt o] Aol A B4 FEE e W
PAA 3ol F7FekA] g Aot FARE A ke E el
tH(Malnoy et al. 2016).

2 AFoA A2 ZAIt= Park¥} Han (1986) % Park 5
(1990)0] 7)<t 7IWuiF FAAUYEF O] HGA L2 K
HFAAE FE0t= Hiof Hlg a9 T/ F= =0l
AL, HeF AJZFE 2 Ak o] & B3 B4 85 EolaL
HAPYAA IJpas FA P3P7ﬂ FrAT S = A AR L
A AFEAE d= TS A8k

Al Z2FobA] 3%(wv), TRA 22 0.8%(WV)E 531 &
G WG AHESlo] AP AAE FE6HaL g HH ATl A5
PEG &5 AHE-3f) = ol et 2] H 3 Abehel 2290 pg o)
Cas9 THal A of] 30 pg 2] sgRNAI, sgRNA2 F = sgRNA3-S Z+
2 A7hstel B vk AR AA ] EASAL AL

o] A 308 S-oF v okl 3 = 93l gtk 1 thS PEG, Y& A
Aot 2] Haibchal 2 PEGRF AP AA & E3sto] 4=

13»

(]

A 10371 v oFahod o v, WS gl © 2 4 25 5 MS ] 4
o] ghullorstelch Tl 1 24X17 71 0.2 Aol A
& A F5}to] genomic DNAS F&35}¢laL, o E 3 Ahchul 2

o £93h] 9b1 PEGE} B35t E A WA= o) u
SHHA] 24417k 7HA o 2 A& waskglch 1 AT A
o] A2 Evan's blue 4 EJ= LB 9] ] gol
S oL 1A SO Arotol R AA ) B vl g
&2 2] ¢l th(data not shown). ©] 2+ ] PEGo] 2]3F AF=
o W stol e EtekaL Al Aol Sl AP HA o vl o] =
A FA == AL Az EEo] TrxlﬂJ— o, Fof A
IR ol A g AEA 2 AT 7ol 8
25 9|u]gt(Sant’ Ana et al. 2020; Wu et al. 2020).

o ofN Y og m>4 mln <2

%0 mﬁr

2| MEEZI| oot REA WEE 24
YA SR AGRY =Y $2NL TR 22 Y
T MES A F 5t 4P EA = HH genomic DNAES &+
Z3haL, 24 A H:'—H l o off 3£ 2] b 4]/ (targeted
deep sequencing)= 8}0:] oAz Ho|= =A 359t} A

°]-§

AR E == gzq 2 3 52305} A1E v walgct
CRISPR/Cas9 &) X 3 AFcHul 2 (Cas9-gRNA)S] =] a8
= =017] fd, Cas9 ‘E—‘H A3t sgRNAE 33k & 420
A 10~ 308 74k AR HhG A 7EE e Rl o] KAl uE
QItHWoo et al. 2015). 0] & 2Fa15}o] HE-E- A 7]’(30-1‘) age)

3ol Tk EA §A%0] vol WES Aehelm, o
24X 717 of| 0] & &2l 3} th(Fig. 2a, Supplementary Table 2).
-1 A}, 305 7F A 8-S-51 o] & AJ3F CRISPR/Cas9 2] 5 3
AR A S FAA U AR o] =S 1, sgRNA3
o 9= 14§80 Wol WET} Bt LT%x 714 i
A vrerstet. ofof) whaj Cas9 Thall 2 i} sgRNAE 53t &,
AP WS A 7H-E AR A 9k 1 3 AJ3F CRISPR/Cas9 ﬂiﬁu
Abctel A S FARA U AP AA o Qg A= F4
Az Wol W=7} H+F 0.03%= vl A eyt ‘I}E}
A Cas9 @l 21} 7}o]| = RNAE &85t & A4 7|71 HfjoF
5} CRISPR/Cas9 2] H S AFCH 2 o] QFAJ 5} E]of ®o] Hl
EE 277 = A L 2 32F) 5 (Sant’ Ana et al. 2020), & A}
AR A E S A7t b gh seRNALD}
sgRNA2E A3 2] H Al Abehul 2] 8 & 9] 51 7 £ = Cas9 ¢
)23 sgRNAS: 34 302 F ok wjoFelo] Ahgshol =
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Fig. 2 Mutation rate assay by targeted deep sequencing of
protoplasts of PagSAPI

Mutation frequencies of Cas9/sgRNA ribonucleoproteins (a) with
different pre-assemble times and (b) at different incubation times.
N=3

FA AR Ho] W17t 242 0.17%, 0.13%=2 @A 8] W
A LUreb i thFig. 2a). o] of] thslo] T A Z Al = sgRNA H =
UEE AR iy &9 2ol 7L gehs] i P Al = &
oL d7] Ao o2 GCH & W3t 5 =234 &
2 YW TE o] @47} Cas9 Tl A ko] A b A], Ak
Zhea ol marof ot Eef Foll FaFE T Zpol7H A5t
= Ao® F5H0 wehi] A T2 I A A|F8h=
FHEI S o 7)o sgRNAE A 7G5t A el 53 A55t
= A o] # . 3}th(Kim 2004; Moon et al. 2018).

CRISPR/Cas9 2 & 3 Abchul 2 5 S ALA L 43 A A 9
9 % o} A|7bo] w2 FH 44 4 BrHCH0] ME)S
2els}7] 913, 245} T A A4S 4 F ¥ o] insertion
and deletion, indel)7} oA} E] = €]%], = PAM A G2 EE 5
13k 3 nt (nucleotide) -2 2] A & HIFE A5 th(Fig. 2b,
Supplementary Table 2). 71 Z 3}, sgRNAT 2 sgRNA29] 7 9
L2472 ARk HjFol i 1 G Ako] o] W 7H0.5% vl
ko 2 - WA Lreb i THsgRNAL 244 7F 8 & A] 0.17%,
48A| 7t vl OF A] 0.27%, T2A] Z7F vl 9F A] 0.3%; sgRNA2: 24 A] 7k
vl oF A7 0.13%, 48 A1 7 vl &F A] 0.2%, 72A] 7F vl oF A] 0.13%).
HEH, sgRNA3 Q| 7 9-1= 24 A1 7k vl &F A] 1.97%, 48A] 7 v <F
Al 2.87%, T2A17F ¥ Al 2.37%9] RIE & YEhh= A& &
015} th(Supplementary Table 2). Zgtal| . H vl oF A 7ko]
whet 1 94 Wo] W7k oF 1 5H) 27159l 48412

a .

( ) PagSAPI-sgRNA1
GACTGGATGCCAAGCTCCAGAGG reference
GACTGGATGCCAAGCTCCAGAGG 99.42% (41,066 reads)

GACTGGATGCCAAGCTCTCAGAGG 0.28% (114 reads)
GACTGGATGCCAAGCTCACAGAGG 0.15% (63 reads)
GACTGGATGCCAAGCT-CAGAGG 0.08% (34 reads)
GACTGGATGCCAAG---CAGAGG 0.05% (20 reads)
GACTGGATGCCAAGCTCGCAGAGG 0.02% (8 reads)

( ) PagSAPI-sgRNA2
CCAGCAACAAGCCCAACTGGCAG reference
CCAGCAACAAGCCCAACTGGCAG 99.87% (31,684 reads)
CCAGCAAACAAGCCCAACTGGCAG 0.07% (22 reads)
CCAGCATACAAGCCCAACTGGCAG 0.03% (11 reads)
(

CCAGCA--AAGCCCAACTGGCAG 0.03% 8 reads)

(C) PagSAPI-sgRNA3

CCAACTGGCAGCATCATCCATTG reference
CCAACTGGCAGCATCATCCATTG 97.2% (53,936 reads)

CCAACTTGGCAGCATCATCCATTG 1.4% (777 reads)
CCAACT-GCAGCATCATCCATTG 0.3% (164 reads)
CCAACTGGGCAGCATCATCCATTG 0.25% (141 reads)
CCAACT----GCATCATCCATTG 0.24% (135 reads)
CCAAC-GGCAGCATCATCCATTG 0.16% (89 reads)
CCAACT--CAGCATCATCCATTG 0.16% (88 reads)
CCAACT---AGCATCATCCATTG 0.11% (59 reads)
CCAACTAGGCAGCATCATCCATTG 0.09% (52 reads)
CCAACT----- CATCATCCATTG 0.09% (48 reads)

Fig. 3 Distribution of mutation patterns and their frequencies at
three target sites of PagSAPI from protoplasts incubated for 72 hr
The three target sites were (a) PagSAPI-sgRNAL1, (b) PagSAPI-
sgRNA2, and (c) PagSAPI-sgRNA3. The blue letters denote the
protospacer adjacent motif (PAM). Within the sequences, red
letters indicate inserted nucleotides while the red dashes represent
the deleted nucleotides. Numbers on the right represent the
frequencies of each mutation pattern

Aol A=, dFEA o Al iy a8 Atolof A
BAZE A=A B7] Sfsl AP A A of] 2 2 e ibehul A T gl
T 24A7E T2A 7 v oFehal Y A g B s =T, 24
A7 e et A A A A a2 4.89%, T2A 7 vl oF ek
FAA A 43% e Gae Hol wfjof A A &
& Abolof oA Q1 Zpol7t glrkal sH¢tH(Murovec et al.
2018). 45, HhLp Ly, AU, 252, AR &4 Fof A
FE ok Ao = P AA of 2 E A =9 &
24N 7 WA ABAI A 17 A& A2 X35} Th(Fan et
al. 2020; Malnoy et al. 2016; Sant’ Ana et al. 2020; Woo et al. 2015;
Wuctal. 2020). w2k 4] BARA| L0 4] o] 2 %-59] sgRNA
of thal i AR ol uf el ua e A me 5 9
o WAS 48X17E ok ujoFste] EAsHE Ao] ARsieta
A
SELRREEEDER D REE L BE LR
AR A §7A] Y Ho] B L el ThFig 3)
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Z} sgRNAO] o af LFEf A g o] /2 HH, sgRNA3 7]
malbchal g Q) o] ¥loli PAMO] A1 3u) $1%/o] |
N A717F R AY 1~ 5719 4717F A& 5 3lAL, DNA
Aae) Ardoly d719] Ak UrehuA] ekt thFig. 3c).
o 3k A2 sgRNAL sgRNA2 ] HLa| ALk 4 2 =)
AFAA A E $ASH e O W S w29
CHFig. 3a, b). 0] -2 A F Hol= thij A oF 5.3} of o 9
frame Shlfﬂ/]‘ Z7] 28E& S x5l FAAUE SAP] thi
A 715& AAT Aoz AR fARR A7t R
ST S AT U3 TR 205 28 Aol
12 1 %] 9] th(Fan et al. 2020; Liang et al. 2017).

e PEEL RESRORER EE RO
RIS SIS A RS QS U, Y BEE32~57%
= Ut AZE sk 0.5% Dlﬁ’lii =3| Wekou, 11
F A7 57 A 2AE 46% R ek} ol 7} b A
o2 A o] 2o nS 2 AR A AEA T ANE S
tH(Woo et al. 2015). 2 A1E EYZ HAAUFE I 2 A
AR fEsto] ARAE dom p e BER HA A
A7F LY EH AAIGFE 92 = S A o= 7| Ht
2313 B, 2 o] SLoj A CRISPR 2] K 3§ Abchul 2.8 o]
Sto] 9]2) DNAS] 419) glo] AAALFS ol 4§04 374
A 07 =38 2= 919 9 Flol5| gt} FAMA R 9]
FAAE ol&al 23} A=A E & 5ol HarE o]
Q1 th(Park and Han 1986; Park and Son 1988). ©] A1}-& 0] &3}
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Supplementary Table 1 List of sgRNAs designed to target PagSAPI

];;%:t Target sequence (5'3") with PAM Position fragll:-gi-ore 0 Mlsrilatch 5
GACTGGATGCCAAGCTCCAGAGG**' 18 732 2 2 0
ACTGGATGCCAAGCTCCAGAGGG 19 71.5 2 2 0
GGATGGGGCCCTCTGGAGCTTGG 27 68.2 1 3 2
ATGCAGAGGATGGGGCCCTCTGG 34 73.6 3 1 0
GTTGGGCTTGTTGCTGGTTCAGG 126 73.2 2 0 0
CTGCCAGTTGGGCTTGTTGCTGG** 132 72.1 2 0 0
AATGGATGATGCTGCCAGTTGGG 143 75.0 2 0 1

PagSAPI CAATGGATGATGCTGCCAGTTGG**® 144 77.1 2 0 0
TCCATTCACAATGCTTTCAATGG 161 70.4 2 0 3
TTCTGAGATGAAGGCAAATGAGG 297 68.4 1 3 0
TCTGAGATGAAGGCAAATGAGGG 298 68.1 1 3 0
AGGCAAATGAGGGACCCAGTAGG 308 78.0 1 1 2
ACCGCTTGCCGAAAGCGTGTTGG 334 68.1 2 2 0
ACCAACACGCTTTCGGCAAGCGG 335 74.3 4 0 0
AACGATGAATTGCACAGAACAGG 387 71.2 2 0 2

* indicates the single-guide RNAs selected for editing of PagSAPI with Cas9. PAM is indicated by bold letters.
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Supplementary Table 2 Mutation rate assay by targeted deep sequencing of protoplasts of PagSAP1 with different pre-assemble time

of Cas9/sgRNA ribonucleoproteins and at different incubation times

Number of Reads

. .. Number of Number of deletion .
Sample Pre-assemble Incubation ~(more than minimum Insertion mutations mutations Indel ratio
name time time frequency) (average, %)
1 2 3 1 2 3 1 2 3

24 h 39389 35741 26905 7 0 0 7 0 0 0

0 min 48 h 29122 33106 32967 0 7 0 0 23 0 0.03

PagSAPI- 72 h 26996 36725 24769 0 0 0 2 2 0 0
sgRNALI 24 h 45157 45585 50476 90 82 0 34 12 4 0.17
30 min 48 h 42518 37878 34213 151 76 0 37 72 0 0.27

72 h 43776 41305 36494 132 185 0 26 54 2 0.33

24 h 30576 20844 37021 15 0 4 2 0.03

0 min 48 h 26453 23702 29629 0 0 4 0 0 0

PagSAPI- 72 h 29014 28591 23729 19 0 0 23 0 0.03
sgRNA2 24 h 35111 23032 36567 10 50 0 3 48 2 0.13
30 min 48 h 20200 48581 33103 16 179 0 9 75 0 0.2

72h 20691 31725 51577 15 33 50 7 8 32 0.13

24 h 30644 78640 32866 66 0 3 19 3 0.03

0 min 48 h 17916 52942 34182 33 344 0 3 331 0.7

PagSAPI- 72 h 17314 34769 27002 0 30 330 0 34 184 0.7
sgRNA3 24 h 51640 45115 45960 430 496 1455 155 228 0 1.97
30 min 48 h 23986 25262 31323 300 608 1144 75 235 3 2.87

72 h 17336 32473 55491 187 760 972 73 135 583 237




